Anemia remains a widespread public health problem. Although iron deficiency is considered the leading cause of anemia globally, the cause of anemia varies considerably by country. To achieve global targets to reduce anemia, reliable estimates of the contribution of nutritional and nonnutritional causes of anemia are needed to guide interventions. Inflammation is known to affect many biomarkers used to assess micronutrient status and can thus lead to incorrect diagnosis of individuals and to overestimation or underestimation of the prevalence of deficiency in a population. Reliable assessment of iron status is particularly needed in settings with high infectious disease burden, given the call to screen for iron deficiency to mitigate potential adverse effects of iron supplementation. To address these information gaps, in 2012 the CDC, National Institute for Child Health and Human Development, and Global Alliance for Improved Nutrition formed a collaborative research group called Biomarkers Reflecting Inflammation and Nutrition Determinants of Anemia (BRINDA). Data from nationally and regionally representative nutrition surveys conducted in the past 10 y that included preschool children and/or women of childbearing age were pooled. Of 25 data sets considered for inclusion, 17 were included, representing ;30,000 preschool children, 26,000 women of reproductive age, and 21,000 school-aged children from all 6 WHO geographic regions. This article provides an overview of the BRINDA project and describes key research questions and programmatic and research implications. Findings from this project will inform global guidelines on the assessment of anemia and micronutrient status and will guide the development of a research agenda for future longitudinal studies. Adv Nutr 2016;7:349-56.
Introduction
Anemia remains a widespread public health problem. Anemia is characterized by low hemoglobin concentration with subsequent impairment in meeting the oxygen delivery demands of tissues. On the basis of 2011 global estimates, 43% of preschool children (PSC) 11 and 33% of nonpregnant women were anemic, with the highest burden in Africa and South Asia (1) . Anemia accounts for nearly 9% of the world's total disability and results in important health and economic consequences, including impaired immune response, maternal mortality, cognitive and developmental delays, and decreased productivity (2) (3) (4) . Although iron deficiency is considered to be the most common cause of anemia, other important and common risk factors include other micronutrient deficiencies (e.g., vitamin A, folate, vitamin B-12), infections (e.g., intestinal parasites, schistosomiasis, malaria, HIV), and inherited red blood cell disorders (e.g., sickle cell, a-thalassemia). The cause of anemia is further complicated by other factors, including geography, age, and sex. Previous estimates on the risk factors for anemia are limited to regional data (5) (6) (7) (8) , data from indigenous populations (9) , or data from single surveys (4) . Aggregated estimates that used hemoglobin concentrations from national surveys are limited to modeling-estimation techniques, rather than to direct measurements of the many causes and risk factors thought to be associated with anemia (4) . One of the six 2025 World Health Assembly Global Targets to improve maternal, infant, and young child nutrition is to reduce the prevalence of anemia by 50% (10) . To achieve this ambitious goal, reliable estimates of the contribution of nutritional and non-nutritional risk factors for anemia are needed to guide interventions (2) . An important step in identifying the relative contribution of factors associated with anemia is being able to accurately measure these risk factors. In the case of micronutrient deficiencies, this is a unique challenge because several nutrient biomarkers are affected by inflammation (e.g., serum ferritin, retinol, and zinc) which can lead to incorrect diagnosis of individuals and to overestimation or underestimation of the prevalence of deficiency in a population (11) (12) (13) (14) . The assessment of iron status, in particular, has been a global priority since the 2006 WHO consultative group recommendations that routine iron supplementation of young children in malaria-endemic areas should not continue without appropriate screening for iron deficiency (15) . Although accurate, fieldfriendly screening tests for iron deficiency are needed, so are approaches to better interpret existing measures of iron status (16, 17) . The CDC and WHO recommend measuring inflammatory markers for assessment of population iron status with the use of serum ferritin and to either exclude individuals from analysis who are inflamed or to raise the cutoff of ferritin to define deficiency (18, 19) ; however, there are no universally accepted methods for accounting for inflammation in estimating micronutrient status. The Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Biomarkers of Nutrition for Development (BOND) and Inflammation and Nutrition Science for Programs and Interpretation of Research Evidence (INSPIRE) projects have identified the role of inflammation on nutrient biomarkers as a critical research gap (12, 20) .
To address these challenges, in 2012 the CDC, NICHD, and the Global Alliance for Improved Nutrition with support from the Bill & Melinda Gates Foundation formed a collaborative research group called Biomarkers Reflecting Inflammation and Nutrition Determinants of Anemia (BRINDA). This article summarizes preliminary findings presented at the 2015 Experimental Biology Symposium on the BRINDA project, including project rationale, overview, key questions, and programmatic and research implications. Further articles from the BRINDA project are forthcoming.
Project Rationale and Overview
The BRINDA project is a multiagency and multicountry partnership designed to improve the interpretation of nutrient biomarkers in settings of inflammation and to generate context-specific estimates of risk factors for anemia (21) . The rationale for BRINDA grew from an expressed need by the global nutrition community to improve assessment of micronutrient status. For example, observations from independent surveys suggested that the burden of iron deficiency anemia was lower than previously estimated and that non-nutritional causes may play an important role (6, 7) . In addition, the Iron and Malaria Project, formed in 2007 to address issues that pertain to the safe and effective use of interventions to prevent iron deficiency in the context of infections, most prominently malaria, called for evidence on the use and interpretation of iron biomarkers (17) . In 2010, the BOND program began as a collaboration between NICHD and the Bill & Melinda Gates Foundation, with the aim of developing consensus on accurate assessment methodologies for food and nutrition (20) . BOND expert panels were charged with providing guidance on biomarkers of exposure, status, function, and effect for 6 priority micronutrients (folate, iodine, iron, vitamin A, vitamin B-12, and zinc). As a result of deliberations of the expert panels and input from the larger community on the need to address the cross-cutting issue of inflammation and nutrient assessment, the INPIRE project was initiated in 2012 (12) . The goal of INSPIRE was to review the evidence for the relation between nutrition, immune function, and the inflammatory response. In addition, INSPIRE aimed to provide guidance on how to account for the impact of inflammation on selection, use, and interpretation of biomarker data. Although the working group summarized different approaches to account for the effects of inflammation on nutrient biomarkers, they concluded that more research is needed to achieve consensus on approaches (12) . Finally, at the 2014 Micronutrient Forum, there was a call to the global nutrition community for more field-friendly and accurate biomarkers that are reliable in the presence of inflammation and other confounders (22) . Given that nutrition is involved in all aspects of human biology, a deeper appreciation of nutrition from a systems biology perspective could be one important way to identify better biomarkers of nutrition (23) .
The primary goal of BRINDA is to address knowledge gaps related to the assessment of nutritional status in diverse settings. Reliable data are essential for both policy making and practice to ensure that programs are appropriately designed and that nutritionally deficient populations are appropriately targeted. BRINDA has the following 2 broad primary objectives: 1) to examine the relation between inflammation and nutrient biomarkers (e.g., anemia, iron, and vitamin A biomarkers) and 2) to identify factors associated with anemia and their relative contribution to the prevalence of anemia. The project further established 2 tracks to examine key questions related to each objective ( Table 1) . The focus of the analyses is on high-risk population groups that include PSC, school-age children (SAC), and women of reproductive age (WRA). Separate analyses will be conducted for each nutritional biomarker and population subgroup for each country independently and will be pooled. To the best of our knowledge, the BRINDA project is the largest and most comprehensive project to date which uses individual participant data to systematically address these research questions.
Because BRINDA uses population studies of apparently healthy people, its focus is on nutritional assessment at the population level and not on clinical aspects of inflammation in individual patients. BRINDA defines biomarkers as objective measurements of normal biological processes, pathologic processes, or pharmacologic response to a therapeutic intervention (24) . Although biomarkers may have biological utility, their measure must also be of use in clinical or programmatic settings (23) .
The organizational structure of BRINDA consists of a Steering Committee and Working Group ( Figure 1 ). The Steering Committee, which consists of representatives from each of the 3 lead agencies, is responsible for project governance, ensuring quality, and liaising with representatives from partner organizations that have contributed data sets to the BRINDA project. The Working Group is composed of representatives from the countries or agencies and other collaborators with subject-matter expertise. A data management group, consisting of a data manager, statistician, and other coinvestigators, oversees data processing. The study was reviewed by the institutional review boards of NIH and was deemed nonhuman subjects research.
Selection of Data Sets and Key Indicators
Only data sets from nationally and/or regionally representative household surveys were considered ( Figure 2) . Global Alliance for Improved Nutrition and CDC contributed data sets with appropriate permission from partners, and an informal call for additional data sets was made through partners to identify other surveys conducted by UNICEF, universities, and other nongovernmental organizations. All data sets had to contain $1 measure of inflammation [C-reactive protein (CRP) or a 1 -acid glycoprotein (AGP)] and $1 measure of anemia (hemoglobin), iron [ferritin or soluble transferrin receptor (sTfR)], or vitamin A [retinol or retinol-binding protein (RBP)] status among PSC (6-59 mo), SAC (6-14 y), and WRA (15-49 y). Additional inclusion criteria were 1) survey conducted in past 10 y; 2) household survey, excluding clinical studies; and 3) population-based, representative at the national, subnational, or regional level. Of 25 data sets considered for inclusion, 17 were included, representing ;30,000 PSC, 26,000 WRA, and 21,000 SAC, from all 6 WHO regions ( Figure 3) .
The 17 BRINDA data sets and available indicators in each data set are summarized in Table 2 . Hemoglobin was measured in all data sets, as was a measure of iron status (ferritin in all countries except Papua New Guinea, and sTfR in all countries except Colombia, Nicaragua, Oman, and Pakistan). CRP and AGP were both measured in 9 data sets, CRP alone in 6 data sets, and AGP alone in 2 data sets. Vitamin A status, as defined by retinol or RBP, was measured in 14 data sets. Individual-level malaria data were collected in Cote d'Ivoire, Kenya (2007 and 2010), and Liberia. More detailed BRINDA methodology, summary of data, and analytical plan are beyond the scope of this article and will be described in subsequent publications.
Approaches to Address the Influence of Inflammation on Iron Biomarkers
Several biomarkers are available to assess iron status, reflecting different components of iron metabolism (25) . In 2007, the WHO and CDC held a joint consultation on markers to assess iron status in populations (18) . The consultation resulted in the recommendation of ferritin as the primary measure of population iron status. sTfR was also identified as a promising measure that warranted continued evaluation.
An important qualification to the current WHO recommendation is that, in settings with a high prevalence of infection or inflammation, the use of ferritin is fundamentally limited by the confounding role of inflammation. Ferritin not only reflects iron status but is also affected by the acute-phase response. The acute-phase response is a natural immunologic process that causes certain proteins in the body to fluctuate in response to infections and other causes of inflammation. Ferritin is a positive acute-phase protein (APP) and therefore increases in subclinically infected/ inflamed individuals irrespective of iron status (11) . We show a hypothetical example of the distribution of ferritin values in a population in 2 states: with and without inflammation ( Figure 4) . Without taking into account inflammation, previous studies have found that the prevalence of low iron stores can be underestimated by 14% (26) .
The WHO has provided some guidance on the use of ferritin to assess iron status in populations with widespread infection or inflammation (19) . First, conduct the survey in seasons with low inflammation and, in the case of year-round inflammation, measure 2 additional APPs (CRP and AGP) concurrently with ferritin. Next, with the use of the APP data apply either a higher ferritin cutoff or exclude individuals with inflammation ( Table 3) . Little data support the use of a fixed, higher cutoff, and the sensitivity of this approach may be low. Furthermore, the exclusion approach may not be feasible in regions with high levels of inflammation because of diminishing sample sizes and introduction of selection bias. At present, there is no consensus method for adjusting ferritin values, but a number of investigators are exploring possible methods to address inflammation and, to a lesser extent, other potential confounders of ferritin (Table 3) . Thurnham et al. (26) have proposed applying arithmetic correction factors that are based on study population data, with the use of a 2-or 4-level inflammation model. The same researchers further developed meta-analysis correction factors, based on 22 studies that can be applied to data. Most recently, Engle-Stone et al. (27) explored correction factors that were based on regression methods.
sTfR was proposed as a potential alternative biomarker to ferritin in settings where there is a high prevalence of lowgrade inflammation because (unlike ferritin) it is not an APP (28) . Although sTfR is potentially less influenced by inflammation, sTfR may be affected by inflammation through alternative mechanisms, such as iron-limited erythropoiesis and hypoxemia (29) . Therefore, methods to adjust sTfR for inflammation should also be considered.
The BRINDA project researchers are exploring a series of questions to support recommendations on use of iron biomarkers in settings with a high prevalence of inflammation (Table 1) . Preliminary results indicate that in settings with low inflammation adjustments have a minimal effect on ferritin and sTfR, whereas in settings with a high prevalence of inflammation there is a large impact on ferritin and to a lesser extent on sTfR values. It is difficult to predict the amount of inflammation in a given population; thus, inflammation biomarkers should be measured concurrently with nutrient biomarkers. On the question of which inflammation biomarkers to use (e.g., CRP, AGP, or both), the strength of the association between ferritin and sTfR with CRP or AGP appear similar, but the prevalence of elevated AGP is substantially higher than the prevalence of elevated CRP, so AGP appears to exert a greater impact on the nutritional biomarkers at the population level. Measuring both CRP and AGP at this early stage of exploration would be prudent. The regression approach has advantages over other methods because continuous data are used rather than arbitrary cutoffs, thus, taking into account the degree of inflammation in the adjustments.
Initial findings also showed that, depending on whether ferritin or sTfR were used, the prevalence of iron deficiency varied widely. The prevalence of iron deficiency was much higher with the use of sTfR than with ferritin in most countries, even after making adjustments. This is contrary to what would be expected on the basis of the different stages of iron deficiency that each of the biomarkers is supposed to reflect. Low levels of ferritin indicate insufficient iron reserves and indicate the beginning stages of iron deficiency. When iron stores are depleted, TfR production is augmented, and the quantity of the soluble form of transferrin receptors can be measured in the blood. The amount of sTfR is proportional to cellular iron demand and thus reflects early functional iron deficiency (30) . Therefore, although sTfR appears to be less influenced by inflammation than ferritin, factors leading to erythropoiesis other than tissue iron deficiency may need to be taken into account and/or cutoffs revisited for sTfR (31, 32) .
Risk Factors for Anemia in Different Settings
Although iron deficiency is considered to be the main cause of anemia globally, preliminary findings from the BRINDA project do indicate a high degree of heterogeneity by country and region in the proportion of anemia attributable to iron deficiency. Moreover, results show strong associations with anemia and inflammation in all contexts where inflammation is present. Further analyses of the BRINDA data sets will focus on country-level associations between anemia and population characteristics and will possibly develop adjustment factors for hemoglobin in the presence of inflammation.
The BRINDA anemia findings suggest the importance of determining context-specific risk factors related to anemia and the need to account for inflammation when present. From research to policy perspectives, such information is critical for informing the appropriate design of interventions and for evaluating progress. Strong coordination and collaboration between donors, policy makers, programs, and the academic community will be pivotal to ensure that 1) evidence generated is adequate to determine a wide range of risk factors associated with anemia and 2) on the basis of an understanding of this evidence, programs are designed and implemented to address risk factors that are relevant in the given context.
Research, Policy, and Programmatic Implications of BRINDA
The BRINDA project is a multisite, large-scale collaborative study that is expected to advance our understanding of the underlying causes of anemia in diverse populations and across geographical settings. In addition, BRINDA will identify methods to better interpret currently used iron and vitamin A biomarkers in populations with high rates of inflammation from recurrent infections and those with chronic low-grade inflammation.
Preliminary findings suggest that inflammation, as measured by elevated CRP and AGP, is common in many settings. As seen in prior studies, both CRP and AGP are positively correlated with ferritin and negatively correlated with hemoglobin and RBP across all countries. Ignoring inflammation would result in a substantial underestimation of iron deficiency prevalence with the use of serum ferritin and an overestimation of both anemia prevalence with the use of A hypothetical population experiencing inflammation will exhibit increased ferritin concentrations shown by the rightward shift of the distribution of log(ferritin). In such a scenario the area shaded with solid lines represents the portion of the population misclassified as having sufficient iron stores while experiencing inflammation. These individuals would be correctly identified as having insufficient iron stores (and fall in the dashed line shaded area) if ferritin samples were taken when the population was not experiencing inflammation. hemoglobin and vitamin A deficiency prevalence with the use of RBP. Because there appear to be no clear cutoffs for elevated CRP and AGP which predict their effect on nutrient biomarkers, the regression approach to account for the effects of inflammation is preferred because it better reflects the relation between CRP, AGP, and nutrient biomarkers (e.g., ferritin, TfR, RBP) and can be used to evaluate potential confounders of the effect of inflammation and biomarkers (e.g., malaria infection). A challenge of the regression approach is making it user friendly to optimize utilization, similar to what was recommended for altitudeadjusted hemoglobin concentrations (33) . Strengths of the BRINDA project include that it is a multiagency and multicountry partnership that uses previously collected data to achieve objectives that span across the research, policy, and program areas. In addition to the organizational partnership that leverages resources, the involvement of country representatives increases collective ownership. BRINDA uses comprehensive data from multiple countries with actively monitored nutrition programs, which increases the external validity of the research findings and their general applicability. Furthermore, the data set has a large sample size and contains high-quality laboratory analyses. A fundamental limitation of the project is that the data are cross-sectional, so causality cannot be determined on factors that influence nutrient biomarker levels or determinants of anemia. Data analysis and interpretation are challenged because not all data sets have all variables, and data are heterogeneous and from diverse geographic settings and population groups.
Despite these limitations, this project represents a step forward in developing more valid micronutrient deficiency prevalence estimates and in identifying the leading causes and risk factors for anemia. Next steps of the project include disseminating results to the nutrition community through scientific publications and programmatic guidance. For example, results of BRINDA will help inform the revision of the WHO and CDC guidelines on the use of serum ferritin to assess iron status and iron deficiency in populations (18, 34) . We anticipate a second phase of the project to collect and compile additional data from partners and to answer additional research questions. It is our hope that the results of the BRINDA project will identify priority research gaps and will serve as a catalyst for future longitudinal and intervention studies. Furthermore, the insights gained from this project are anticipated to provide important results to the research, policy, and programmatic communities that will ultimately help guide global and country investments to prevent and control micronutrient deficiencies and anemia.
